Inbreeding depression is likely to be a common selective force opposing the automatic selective advantage of self-fertilization in self-compatible plants and animals, yet relatively few studies have measured both the breeding system and inbreeding depression in natural populations. In this study, I estimated the frequency of selfing, using data obtained by gel electrophoresis, in two annual populations of the monkeyflower Mimulus guuatus for 2 years, and measured the relative performance of selfed and outcrossed progeny over several stages of the life cycle in both the field and the greenhouse. Rates of outcrossing were not significantly different from 1.0 in either population in 1989, but both populations exhibited significant and moderate amounts of selfing in 1990. Outcrossing rates were significantly different between years for the Cone Peak population but not for the Iron Mountain population. Significant inbreeding depression was detected for almost every component of fitness measured, including germination success, survival to flowering, and flower, fruit and seed production in the native field enviromnents for both populations. The final cumulative value of inbreeding depression, calculated as one minus the relative total seed production of selfed to outcrossed progeny, was 0.69 for Iron Mountain and 0.64 for Cone Peak.
Introduction
In self-compatible hermaphroditic populations, there is an automatic transmission advantage to a mutation which acts only to increase the rate of self-fertilization.
Such a gene is expected to spread to fixation in the absence of counteracting selective forces (Fisher, 1941) . Selfing may also have advantages over outcrossing if it maintains local adaptation (Stebbins, 1950; Stebbins, 1957; Antonovics, 1968; Schemske, 1984) , is energetically more efficient (Darwin, 1877; Schemske, 1978; Wailer, 1979) , or assures reproductive success when access to mates or outcrossed pollen is limited (Baker, 1955) . In spite of these potentially strong selective forces favouring the evolution of self-organisms with a prolonged diploid phase of the life cycle, because it is likely to exist in populations which vary widely in their natural history. Universality arises because all organisms are subject to mutation to deleterious alleles, the vast majority of which are at least slightly recessive, and this component of genetic load is thought to be the major cause of inbreeding depression in natural populations (Simmons & Crow, 1977; Crow & Simmons, 1983; Charlesworth & Charlesworth, 1987), Theoretical models that consider the evolution of self-fertilization in the presence of inbreeding depression often predict that selection will favour either complete outcrossing or complete selfing (Maynard Smith, 1978; Lloyd, 1979; Charlesworth, 1980; ). This prediction is supported by evidence that selfing rates in natural plant populations are approximately bimodally distributed Barrett & Eckert, 1990; Soltis & Soltis, 1992 ; but see Aide, 1986; Waller, 1986) . When selfed pollen competes with outcrossed pollen to fertilize ovules and when the ability of selfing genotypes to contribute to the outcrossing pollen pool is unaffected, these models predict that selection favours self-fertilization only if inbreeding depression, calculated as one minus the relative fitness of selfed to outcrossed progeny, is less than one-half. Campbell (1986) and Holsinger (1988) have claimed that inbreeding depression, as a population parameter, has little predictive value in mating system evolution. This claim has not been supported by the results of recent models that allow for the joint evolution of inbreeding depression and of selfing rate modifiers with small effects, which generally show that inbreeding depression greater than one-half will prevent the evolution of increased selfing Charlesworth & Charlesworth, 1987; Ziehe & Roberds, 1989; Charlesworth etal. 1991) .
The magnitude of inbreeding depression in natural populations is expected to evolve with the mating system. If mutational load is the principal cause of inbreeding depression, then inbred populations are expected to have lower inbreeding depression than historically outcrossed populations, due to the increased efficiency of selection against recessives in inbred populations Charesworth & Charlesworth, 1987; Charlesworth et al., 1991) . Studies of inbreeding depression in natural populations often find that inbreeding depression is substantial, even in highly selfing populations (reviewed in Lande & Schemske, 1985; Charlesworth & Charlesworth, 1987; , although the magnitude of inbreeding depression often depends on which fitness components are measured (e.g. Price & Waser, 1979; Schemske, 1983; Schoen, 1983; Schemske & Pautler, 1984; Karron, 1989; Levin, 1989; Dudash, 1990; Holtsford & Ellstrand, 1990; Jolmston, 1992) and on whether the experiments were conducted in the field or in more controlled greenhouse environments (Schemske, 1983; Dudash, 1990; Schmitt & Ehrhardt, 1990; Schmitt & Gamble, 1990) .
Although knowledge of the relationship between outcrossing rate and inbreeding depression is clearly important for an understanding of selective factors involved in mating system evolution, relatively few empirical studies have measured both the breeding system and magnitude of inbreeding depression in natural populations (Schoen, 1983; Charlesworth & Charlesworth, 1987; Kohn, 1988; Stevens & Bougourd, 1988; Dudash, 1990; Holtsford & Elistrand, 1990; Ritland, 1990a; Dole & Ritland, 1993) . The purpose of this study is to estimate the frequency of self-fertilization, and to determine the magnitude of inbreeding depression, for several major components of fitness in two populations of the monkeyflower Mimulus guttatus (Scrophulariaceae). In order to determine the effect of the environment on the expression of genetic load, the inbreeding depression experiments were conducted in the native field environments and iii more controlled greenhouse conditions.
Materials and methods
Study species and populations M. guttatus (2n = 28) is a self-compatible wildflower that lives throughout western North America. It is found from Alaska to Mexico and as far east as the Rockies, usually inhabiting moist areas such as stream banks, roadsides, or wet meadows. Populations may be either annual or perennial, depending on the seasonal availability of moisture. It is especially convenient for genetic studies because of its short generation time (ca. 2-3 months), lack of seed dormancy, many seeds (at least several dozen) per fruit, and ease of emasculation and hand pollination. M. guttatus is reported to exhibit interpopulational variability in outcrossing rates (Ritland, 1990a; Ritland & Ganders, 1987a ) and inbreeding depression (Ritland & Ganders, 198 7b; Ritland, 1990a Seeds from all fruits on a given plant were combined and between 15 and 20 seeds per family were planted in the greenhouse at the University of Chicago. Seeds were germinated on a mist bench under natural light, typically resulting in high rates of germination (75-85 per cent). Up to 12 seedlings per family (depending on family size and germination rate) were transplanted individually into flats and induced to flower under high intensity sodium lights and long (16 h) days. Less than 5 per cent of these seedlings failed to flower. Tissue homogenate was obtained by grinding fresh corolla tissue in extraction buffer. This homogenate was absorbed onto filter paper wicks and frozen at -70°C until use. The multilocus genotypes of progeny were scored for up to three polymorphic enzyme systems: aconitase (ACO), 6-phosphogluconate dehydrogenase (6PGD, 2 loci), and phosphoglucomutase (PGM). In 1989, using a morpholine citrate buffer (pH 6.1; Clayton & Tretiak, 1972) , reliable expression was only obtained for ACO and 6PGD-1. In 1990, I achieved reliable expression for 6PGD-2 and PGM with a Triscitrate buffer (pH 6.3/6.7; Selander eta!., 1971) . However, only the Cone Peak population is polymorphic for these two additional loci. All loci were determined to be inherited in a Mendelian fashion by inspection of families and by reference to previous studies (McClure, 1973; Ritland & Ganders, 1987a) .
Data were analysed using the maximum-likelihood multi-locus outcrossing procedure described in Ritland & Jam (Ritland & Jam, 1981; Ritland, 1990b) , which provides estimates of the multi-locus outcrossing rate, the mean single-locus outcrossing rate, the inbreeding coefficient of the maternal parents, and the gene frequencies in the pollen and ovule pools. Standard errors of these estimates were based on 1000 bootstrapped estimates, with the progeny array being the unit of resampling (Ritland, 1990b) .
Inbreeding depression studies
Parents used in these experiments were collected as seeds from each population in August 1989 by sampling approximately 350 seed families along a 1 x 15 m grid with sampling points spaced 20 cm apart. As before, plants nearest to each point on the grid and bearing at least 15 seeds were collected. Seeds from each of these families were germinated in the University of Chicago's greenhouse in the late fall of 1989 and one seedling from each family was randomly selected to be used in the crosses. Seedlings were transplanted into 9 cm square pots and induced to flower as described above. In the winter of 1990, flowering plants from the same population were arranged into pairs at random. Hand pollinations were then conducted on these pairs such that each parent in a pair was self-pollinated and outcrossed reciprocally to the other parent in the pair. Four different crosses were therefore performed in a diallel fashion on each of the roughly 150 pairs of plants (referred to hereafter as diallels) per population: the two self-pollinations and the two reciprocal outcrosses. This crossing design is a powerful method for detecting inbreeding depression because it eliminates the contribution of parental sampling and maternal effects to the standard error of the difference between the means of selfed and outcrossed individuals (Lynch, 1988) .
In late May 1990, up to 20 seeds per family (mean seed number per family= 18.9) were counted and planted in 98-cell flats filled with ProMix. All seeds from a particular family were planted in the same cell and families within populations were assigned randomly to cells. Flats were placed on the mist bench at the University of Chicago for several days and were then transported within 4 days to the greenhouse at the University of Oregon in Eugene, Oregon. Most seeds had germinated by the end of the trip in early June and 3 days later, all families were censused for the number of germinated seeds. One hundred diallels from each population were then randomly selected from those diallels with at least two seedlings from each of the four crosses. Two seedlings from each of these 400 families per population were then randomly selected and transplanted into either the greenhouse array or the field, as described below. Each family was therefore represented by a single seedling in both the greenhouse and field experiments.
For the field experiment, seedlings were transplanted 2-3 days after the census into their original population in a 5 x 80 grid, with points separated by 20 cm. Seedlings were planted directly into the native vegetation with minimal disturbance and were marked with numbered 'flags' made of bamboo skewers and coloured labelling tape. Transplanted seedlings were censused every other day for survival and flowering. All plants were dead by the end of July and were then harvested. Care was taken to harvest plants as seeds became ripe, so that seeds would not be lost.
Fortunately, all plants could be harvested at roughly the same time because plants produced few fruits and died due to drought within days of each other. Harvested plants were censused for total number of flowers, fruits, and seeds produced.
For the greenhouse experiment, seedlings were transplanted on days 4 and 5 after the census date into 60-cell flats filled with a standard greenhouse potting soil (each cell approx. 4.5 cm square) in a chequerboard pattern such that every other cell was empty. Seedlings within a population were planted in a completely random design, while plants from different populations were planted in separate arrays. To facilitate bottom watering, the flats were then placed inside four galvanized steel basins (1 mx 4 m by 0.1 m deep).
The two basins for each population were placed immediately adjacent to each other, but because of limited space, basins for different populations were placed about 10 m apart. Notice that this design is not strictly a common garden design, as the two groups of basins (and hence populations) might have experienced different environmental conditions. As the purpose of both the greenhouse and field experiments was to measure inbreeding depression within populations, this design is not a problem. Plants were watered daily by bottom watering and censused every other day for survival and flowering. Daily watering was stopped on 21 July, approximately 8 weeks after the seeds were planted. Plants were censused one last time for survival to flowering and total flower production on 25 July, after all plants had died. Fruit and seed production was not monitored because the plants were never observed to be visited by pollinators, and fruit and seed set was very low.
All fitness components except per cent germination were analysed separately for the field and greenhouse experiments. The performance of selfed and outcrossed progeny was analysed in two ways. First, differences between the two treatments were tested with data from all individuals. For example, the mean number of seeds was calculated by including all individuals in the analysis, even those that had died before flowering. In these tests, the means for outcrossed and selfed progeny were calculated separately for each diallel and then tested for a significant difference using paired t-tests. The paired t-tests were computed as described by Lynch (1988, and personal communication) using the equation t iXz7( V0/L )h/2, where A is the mean difference between outcrossed and selfed progeny, V0 is the phenotypic variance of the outcrossed progeny, and L is the number of diallels. As L = 100 in these experiments, there are 99 d.f.
The tests described above were computed by including all individuals in the analyses, regardless of whether they survived to flowering. In order to determine the relative contribution of different components of fitness to the total inbreeding depression, the measured traits were transformed into conditional or independent fitness components. These multiplicative fitness components, calculated separately for each cross (family), were: (i) the proportion of seeds that germinated; (ii) the chance, 0 or 1, that a germinated seed flowered; (iii) the number of flowers per plant, given that the plant had flowered; (iv) the number of fruits per flower on plants that produced one or more flowers; and (v) the number of seeds per fruit, given that one or more fruits were produced. Because these conditional fitness components were calculated from only a subset of the original plants used in the experiments, these traits could not be analysed using the paired t-tests described above. Instead, they were analysed using unpaired t-tests with the family structure ignored.
In order to see how inbreeding depression accumulates over the life cycle of Mimulus, the expected fit- 
Results

Outcross/ng rates
Both Iron Mountain and Cone Peak were predominantly outcrossing in 1989 and exhibited significant 
Inbreeding depression
Seeds produced by self-fertilization were significantly less likely to germinate than seeds produced by outcrossing in both populations (Table 2) . This difference resulted in inbreeding depression values at this early stage of the life cycle of about 10 per cent for both populations. This is shown graphically in Fig. 1 .
For all four fitness components measured in the field, selfed progeny had significantly lower values than outcrossed progeny, in both populations (Table 2) . Mountain, while inbreeding depression was only 0.2 at this stage for Cone Peak (Fig. 1) . Selfed progeny produced significantly fewer flowers than outcrossed progeny in both populations ( Table 2 ). The multiplicative fitness component number of flowers per flowering plant, as with the other previously discussed multiplicative fitness components, was significantly different between the two types of progeny in both populations. Inbreeding depression at this stage increased to 0.63 for Iron Mountain and to 0.42 for Cone Peak (Fig. 1) . The extreme difference between selfed and outcrossed progeny remained significant for total fruit and seed production in both populations; however, only the Cone Peak population showed a significant difference between the progeny types for the conditional fitness components fruits per flower and seeds per fruit (Table   2 ). This could reflect a real difference between the 6.82*** *P<005;**P<001; ***P<0.001.
As with the field experiments, selfed progeny performed significantly worse than outcrossed progeny in the greenhouse for the fitness traits measured (Table 2) . Fewer plants from Iron Mountain flowered than plants from Cone Peak and cumulative inbreeding depression up to this stage was greater for Iron Mountain (0.42) than for Cone Peak (0.22). Inbreeding depression at this stage increased for both populations over that caused purely by germination rate differences (Fig. 2) . Total number of flowers differed significantly between selfed and outcrossed individuals in both populations (Table 2) , as did the multiplicative fitness component number of flowers per flowering plant (Fig. 2) . The final measures of inbreeding depression, up to number of flowers produced, were quite similar for Iron Mountain (0.52) and Cone Peak (0.48).
Discussion
Outcrossing rates for both iron Mountain and Cone Peak were not significantly different from 1.0 in 1989, but were significantly lower than this in 1990. The outcrossing rates were significantly different between the 2 years for Cone Peak, but not for Iron Mountain. The outcrossing rates measured in this study are typical of, or slightly higher, than those found in studies of other annual and perennial M. guttatus populations in California, Washington, and British Columbia (Ritland & Ganders, 1987a; Ritland, 1989 Ritland, , 1990a Dole & Ritland, 1993) . Most of the populations in these studies were found to have roughly intermediate outcrossing rates, with estimates ranging from 25 to 80 per cent. Yearly variation in selfing rates has also been docu- mented for a M. guttatus population in California (Dole & Ritland, 1993) . The cause of the increased levels of selfing observed for the Cone Peak population in 1990 is not known. M. guttatus is usually pollinated by Bombus species and Apis mellifera (Harris, 1979; and it is possible that pollinators were particularly scarce in 1990. M. guttatus is known to practise delayed selfing in the absence of pollinators when the corolla, which is attached to the anthers, is shed several days after anthesis (Dole, 1990) . Alternatively, variable environmental factors could have directly influenced the plants' propensity to selfpollinate, perhaps by causing changes in floral traits thought to affect selfing rates, like stigma-anther separation and stigmatic sensitivity (Macnair & Cumbes, 1989; Ritland & Ritland, 1989) .
Regardless of the mechanisms responsible for the significant levels of selfing in 1990; it is clear that the populations examined in this study are mainly, but not entirely, outcrossing. Theoretical studies of partially selfing populations generally predict that equilibrium levels of inbreeding depression due to mutation-selection balance will be greater than 0.5 for such populations, and will decline as selfing rates increase Campbell, 1986; Charlesworth & Charlesworth, 1987; Charlesworth et a!., 1991) .
Although inbreeding depression caused by heterozygote advantage can increase with the selfing rate (Charlesworth & Charlesworth, 1987; Ziehe & Roberds, 1989; ), overdominance does not seem to be a major component of genetic load (Simmons and Crow, 1977; Crow & Simmons, 1983; Sprague, 1983; Charlesworth Inbreeding depression could have been underestimated in this study because it was not possible to measure every component of fitness and plants could not be monitored throughout their life in a totally natural environment. For example, seed set resulting from the selfed and outcrossed pollinations was not measured in this study. Inbreeding depression acting at this early stage, caused by differential fertilization and/ or seed abortion, has been detected in many studies (Jam, 1978; Price & Waser, 1979; Schemske, 1983; Schemske & Pautler, 1984; Levin, 1989 Levin, , 1991 Kohn, 1988; Stevens & Bougourd, 1988; Dudash, 1990; Manasse & Pinriey, 1991; Weller & Ornduff, 1991) but not in other studies (Schemske, 1983; Schoen, 1983; Karron, 1989; Levin, 1989; Holtsford & Ellstrand, 1990) . Male fertility is another major fitness component that was not measured in this study. Other experiments on the effects of inbreeding in the Iron Mountain and Cone Peak populations (Willis, 1993) , as well as in other M. guttatus populations (Ritland & ing depression for the proportion of viable pollen grains produced. It is likely that had male fertility been measured in this study, the magnitude of inbreeding depression would have been even greater. These considerations oniy serve to strengthen the conclusion that inbreeding depression is severe in these populations. In an attempt to overcome this problem of unmeasured stages in the life cycle, Ritland (1990a) outcrossing species of Costus in the field and greenhouse and detected inbreeding effects on seed production following pollination and on long-term growth in the greenhouse, but no effects on seed germination or seedling establishment in either environment. Schoen (1983) , in field experiments on an outcrossing population of Gilia achilie(folia, also found that most effects of inbreeding were manifest during late stages of the life cycle. Inbreeding depression in both of these studies approached 0.5. Stevens & Bougourd (1988) observed cumulative inbreeding depression including stages up to seedling growth of about 0.7 in the greenhouse in the primarily outcrossing A ilium schoenoprasum, with seed germination and seedling establishment having less effect than parental seed set and seedling growth. Dudash (1990) studied inbreeding depression in several environments, including the field, in the outcrossing Sabatia angularis and found the largest inbreeding effects during survival after rosette formation and reproduction. Greater effects of inbreeding on later stages in the life cycle also have been obtained for Clarkia tembloriensis (Holtsford & Ellstrand, 1990 ).
This study did not detect substantial differences between the field and greenhouse on the expression of inbreeding depression, even though plants in the field were generally less likely to flower and had much lower flower production than plants in the greenhouse (Table  2) . Inbreeding depression in the field was about 10 per cent higher at both the probability of flowering and flower production stages than in the greenhouse for Iron Mountain, while there was no difference between the environments for Cone Peak. Statistical comparisons of inbreeding depression in the two environments is not possible because of the lack of standard errors on the estimates of inbreeding depression. Other studies have detected effects of the environment on the magnitude of inbreeding depression (Schemske, 1983; Dudash, 1990; Schmitt & Ehrhardt, 1990; Schmitt & Gamble, 1990) . Dudash (1990) , for example, found inbreeding depression to be the most severe in the native field site, compared with the garden and greenhouse environments. Schmitt and colleagues have shown that inbreeding depression is intensified by intraspecific competition in the predominantly selfing species impatiens capensis (Schmitt & Ehrhardt, 1990) and by increasing distance of seedling locations from their parental sites (Schmitt & Gamble, 1990) .
Here it has been demonstrated that both the Iron Mountain and Cone Peak populations are mainly but not exclusively outcrossing, and that they harbour substantial genetic load. This load is manifest as inbreeding depression for many components of fitness when plants are raised either in the native field environment or in the greenhouse. These results are consistent with the results of population genetic models which predict that inbreeding depression should exceed one-half in primarily outcrossed populations (e.g. , and the data suggest that genetic load in these populations continues to be a powerful selective factor in the evolutionary maintenance of outcrossing in these populations.
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